Recently, after the discovery of a third polymorph of silicon nitride (c-Si 3 N 4 ) synthesized under high-pressure and high-temperature conditions, 1 there has been considerable interest in this field. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The structure of the material has been determined as a cubic spinel structure at ambient temperature. 1, [3] [4] [5] It possesses a hardness of about 35.3 GPa, 9 significantly greater than the hardness of the two longestablished hexagonal polymorphs: ␣-and ␤-Si 3 N 4 and slightly harder than that of the stishovite, a high-pressure phase of SiO 2 and hardness of 33 GPa. 12 Besides, the material is stable against oxidation in air up to a temperature of 1673 K. 9 These excellent properties make the c-Si 3 N 4 polymorph a promising candidate as an advanced superhard material. The precise knowledge of the compressibility and thermal expansion of the material is of great interest for several practical reasons. Hence, the zero pressure bulk modulus of c-Si 3 N 4 has been intensively investigated. However, there is a large scatter of the values reported, 300, 1 280, 2 411.9, 6 308, 8 284, 8 and 407 GPa ͑Ref. 10͒ obtained from theoretical calculations, 300͑10͒ GPa from Hugoniot data 7 and 308͑5͒ GPa from energy-dispersive x-ray powder-diffraction ͑XRD͒ measurements. 8 No study of the thermal-expansion behavior of the material has been reported in spite of its relevance in the practical applications of this superhard material. For example, the differences in thermal-expansion coefficients between the substrate and c-Si 3 N 4 determine the thermal stress component. In this work, we report the compressibility and thermal-expansion behavior of the c-Si 3 N 4 phase by in situ x-ray powder-diffraction measurements using synchrotron radiation, complemented with computer simulations by means of first-principles calculations.
A multianvil octahedra pressure assembly was employed in the synthesis of the cubic spinel Si 3 N 4 phase. A mixture of ␣-and ␤-Si 3 N 4 powders was compressed at 17Ϯ0.5 GPa and 2100 K for 1 h. The temperature of the experiment was monitored using a W-3% Re-W-25% Re thermocouple. Further detail for sample preparation is given in Ref. 5 . The recovered sample ͑about 10 mg in weight͒ was composed of light-yellow transparent sintered crystals with an average grain size of approximately 140 nm determined by optical and scanning electron microscopy and x-ray powder diffraction. Secondary-ion mass spectroscopy measurements on the recovered sample revealed an oxygen impurity less than 1 at. %.
In situ high-temperature ͑295-1075 K in vacuum͒ and high-pressure ͑up to 42 GPa at ambient temperature͒ x-ray powder-diffraction measurements were performed using synchrotron radiation at beamlines BM16 and ID30, respectively, at ESRF in Grenoble, France. The powder sample, ground from the recovered sample, was placed in an amorphous quartz capillary, pumped down to 10 Ϫ5 mbar and then sealed, and rotated during data collections with a multichannel detector ͑0.003°accuracy͒ and a wavelength of 0.71031 Å. A hot air gun was used for high-temperature measurements. The temperature at sample was calibrated using the known temperature dependence of lattice parameter for pure silicon powder in place of the sample position. 13 A diamondanvil cell with solid Ar as pressure transmitting medium was used for room-temperature compression XRD measurements up to 42 GPa with an image plate mounted on a Fastscan-II detector and a wavelength of 0.3738 Å. The actual pressure was calculated from the wavelength shift of the ruby line 14 The Rietveld refinement program is a local variation of the LHMP1 program, 17 using the Voigt profile function and Chebyshev polynomial background fitting.
First-principles CRYSTAL calculations 15, 16 were performed under the density-functional approximation using the Becke and Perdew-Wang nonlocal exchange and correlation functionals, 17 respectively. Si and N standard Gaussian-type basis sets of triple-quality were adapted to this crystalline structure. The lattice parameter a and the nitrogen internal position ͑u,u,u͒ were accurately determined by requiring the total energy of the crystal to be minimum in a set of volume points below and above the experimental equilibrium geometry. Thermal effects on the crystal energy were evaluated through a quasiharmonic nonempirical Debye model that only needs the computed static bulk modulus value as input ͑details are given in Ref. 18͒.
High-temperature XRD patterns, recorded in steps of 40 K from 295 to 1075 K for the c-Si 3 N 4 phase, are identical except for the thermal expansion. Figure 1͑a͒ exemplifies two Rietveld structure refined XRD patterns recorded at 295 and 595 K. All refinements converged to small residual values. No phase transformation was detected in the temperature range 295-1075 K in vacuum, in agreement with previous data reported for the c-Si 3 N 4 sample annealed in air in a temperature range from 295 to 1673 K. 9 The lattice parameter a and the linear thermal-expansion coefficient ␣ of the c-Si 3 N 4 phase are shown in Fig. 1͑b͒ A large number of XRD patterns were recorded at pressures ranging from 0 to approximately 42 GPa at ambient temperature. Up to a pressure of 42 GPa, no phase transformation was observed. At pressures above 20 GPa, Bragg peaks become broadened and strain deduced from Rietveld structural refinements starts to increase with pressure. The results infer that a transition from a hydrostatic state below 20 GPa into a nonhydrostatic one above 20 GPa occurs for the sample in the diamond-anvil cell. Hence, pressurevolume data below 20 GPa will be further used to explore the compression behavior of the c-Si 3 N 4 phase. Figure 3 shows the reduced unit-cell volume data, octahedral Si-N polyhedra, V oct ϭ128V(uϪ We found that the Si-N octahedral polyhedra are slightly less compressible than the Si-N tetrahedral ones, although there is some scatter in the experimental data due to a large uncertainty of the parameter u estimated from the Rietveld structural refinements. The bulk modulus of the c-Si 3 N 4 phase can be estimated as the average of both tetrahedral and octahedral moduli, which are controlled by the Si-N pair, as illustrated by the linear curve in Fig. 3͑b͒ . The computed pressure diagrams for reduced volumes ͓Fig. 3͑a͔͒ and bond lengths ͓Fig. 3͑b͔͒ are consistent with the experimental points. Besides, the theoretical results predict the same compressibility sequence obtained in the XRD measurements for polyhedra and distances. In Table I , we include computed One striking feature revealed from Figs. 2 and 3 is that the octahedral Si-N and N-N bond lengths are less compressible than the tetrahedral ones while for thermal expansion, the octahedral Si-N and N-N bond lengths are more expanding than the tetrahedral ones. The results indicate a different bond strength versus bond-length behavior for the octahedral and tetrahedral sites in the c-Si 3 N 4 phase. During compression, bond strength increases faster for the octahedral sites than the tetrahedral ones, with the result that the octahedral polyhedra are less compressible than the tetrahedral ones, as detected in Fig. 3 . On the other hand, during thermal expansion the bond strength for the octahedral sites may increase more slowly than the tetrahedral ones. Consequently, the bond length for the octahedral site increases faster with temperature than the tetrahedral one, as observed experimentally in Fig. 2 . The experimental results described here have already triggered further theoretical work on this matter. *Corresponding author,: Department of Physics, Building 307,
